Abstract. The directional detection of dark matter is sensitive to both recoil energy and the direction of nuclear recoil. It provides a technique whereby the local velocity distribution of dark matter may be measured. In this study, the possibility of discriminating between isotropic and anisotropic distributions is investigated through numerical simulations with a directional detector. The numerical simulation is performed for two cases. These cases are classified according to detectors as follows: one corresponds to an angular histogram distribution of the signals whereas the other corresponds to an energy-angular distribution of the signals. The anisotropy of the velocity distribution was shown to be discriminated at 90% confidence level with a chi-squared test if O(10 4 ) signals are obtained.
Introduction
Recent astronomical and cosmological observations have revealed that non-luminous, electrically neutral matter accounts for about 85% of the matter in the Universe. This is known as the dark matter [1] . Weakly Interacting Massive Particles (WIMPs) have been suggested as promising candidates for dark matter. Direct searches of WIMPs have been performed, and a review of these results is documented in the literature [2] . In direct detection experiments, the target is expected to be scattered by WIMPs and leave the recoil energy. Since environmental and astronomical background signals are also detected in these experiments, these contributions must be removed to quantify the signal due to dark matter. This rejection of background signal contributions is a highest priority issue because of the small cross section of WIMPs. Directional detection experiments are sensitive to both recoil energy and direction [3, 4] . On account of the revolution of the Solar system within the Galaxy, dark matter signals are expected to come from the direction in which the Solar system is traveling, namely, from the direction of Cygnus. By comparison, direction of environmental background signals is assumed to be isotropic over the sky. The use of the difference in directionality of these signal sources will facilitate the rejection of spurious background signals.
The study is now in progress [3, 5] on gaseous time projection chamber (TPC) and solid detector (e.g., the fine-grained nuclear emulsions [6, 7] , carbon-nanotube and anisotropy crystal scintillator). The gaseous TPC technique detects 3D tracks due to WIMPs with track length in the sub-millimeter regime. The resolution is dependent on both the readout system of the TPC and diffusion. For solid state detectors, the typical track length of WIMPs is less than a submicron. As a result, very high-resolution detectors are required to distinguish signals as tracks. Fine-grained nuclear emulsions have demonstrated the ability to detect tracks of very short lengths. This technique is able to record 3D tracks greater than 50 nm, but the performance depends on the associated microscopy system employed. As stated above, the study of directional dark matter detectors is a very active field of research and an investigation into the application of these unique techniques will have a substantial impact on the development of future dark matter astronomy.
The velocity distribution of dark matter is the primary subject of this work, and in most cases, an isotropic Maxwell-Boltzmann distribution is adopted to describe the velocity distribution [8] . Some studies have included non-Maxwellian distributions; therefore, these studies deviate from the above simple model. Numerical simulations indicate non-Maxwellian distributions due to a dark disk [9] [10] [11] , tidal streams [12] , and debris flows [13, 14] , and some of them indicate anisotropic velocity distributions. Deviation from an isotropic Maxwellian distribution slightly shifts the result of ordinary direct detections [16] - [21] . In the directional detection experiments, the difference can be expected to be more obvious than that in the ordinary detections since both recoil energy and the directional information can be used [23] [24] [25] . In this work, the discrimination between the isotropic and anisotropic distribution of dark matter in the directional detection experiments is investigated.
This study is organized as follows: In Section 2, a short review of the velocity distribution and setup of the numerical simulation is given. Analysis of the calculation performed is given in Section 3 and Section 4. Two cases are discussed as defined by the angular/energy resolution of the detector: One is the angular histogram and the other is an energy-angular distribution. Conclusions of these simulations are presented in Section 5.
Direct Detection with Directional Sensitivity
In most cases, an isotropic velocity distribution is commonly supposed to derive constraints from direct detections. The Maxwell-Boltzmann distribution [8] is a typical distribution function; however, N-body simulations [11, 14] and observations [15] suggest the presence of an anisotropic component in the distribution that can influence the result of direct detection experiments. The effect of this factor on conventional direct detections [16] - [21] and directional detections [22] - [25] has been the subject of a number of studies. In this work, the anisotropic distribution function of N-body simulations [11] is used in our numerical simulations. The tangential velocity of dark matter with respect to the galactic rest frame v φ has the distribution:
where the normalization factor N (v 0 ) = 2v 0 Γ(3/2), v 0,iso. = 250 km/s, v 0,ani. = 120 km/s and µ = 150 km/s. The fraction factor of the double Gaussian component r is 0.25 in [11] , and calculations are performed with the parameter as r = 0.0, 0.1, 0.2, · · · , 1.0 account for changes in the degree of anisotropy. In this simulation, the distributions of radial velocity v r and velocity across the galactic plane v z are also defined as Gaussian and are described as follows:
where v 0,r = 240.4 km/s and v 0,z = 214.6 km/s. In this calculation, a Monte-Carlo simulation of the dark matter scattering was performed. The scattering angles with respect to the laboratory frame are shown in Figure. 1. The scattering angle of the nucleon from the direction of the dark matter wind toward the Earth and its tangential angle are θ and φ, respectively. Common target in directional detector are carbon (C), F (fluorine), S (sulfur) for the gaseous detector while C, bromine (Br), silver (Ag) and iodine (I) are employed in solid state detectors. Parameters associated with typical target atoms employed in directional experiments are found in Table 1 . In the calculation presented in this work, F was chosen as a typical light target element and Ag as a typical heavy target element. As described previously, form factors for F and Ag are assumed to be given by Eq.(4.2) and Eq.(4.3) in [8] , respectively. Elastic scattering is also assumed in this simulation. The recoil energy and the scattering angle depend only on the masses of dark matter and that of the target atom. Thus, we can refer target with near mass as target of interest. A mass ratio of m χ /m A = 3 is assumed for simplicity together with a zero background signal and ideal detector resolution.
Details of the Analysis
In the directional detector, both the recoil energy and the direction of the nuclear recoil are detected. Two kinds of distribution relating to the velocity distribution of dark matter are statistically analyzed and are summarized below as follows.
1. If the detector does not have a high energy resolution, only angular distribution of the nuclear recoil can be determined. In this case a histogram of the angular distribution is considered (Sec.3.1).
2. In the case where the detector has a high-resolution for both the recoil energy and the angular distribution, an energy-angular distribution can be employed. It is then possible to discriminate between isotropic and anisotropic distributions (Section 3.2-Section 4).
The results of this numerical simulation are presented in the form of two cases. The first case is for a large event number in the range O(10 7 )-O(10 8 ). This describes an ideal situation, but it is difficult to achieve. This will be known as the ideal "template". The second case is for a small event number in the range O(10 3 )-O(10 4 ). This describes a more realistic situation than that of the ideal template and will be known as the "pseudo-experiment". between the two data sets. In Figure 2 and 3, the target is F, whereas the target in Figure 4 and 5 is Ag. If the velocity distribution is isotropic, the signal number is large in cos θ ≃ 1, whereas the signals tend to be scattered even in the cos θ ≪ 1 region with strong anisotropy. In Figures 2-5 , the threshold of the recoil energy is taken as E thr R = 0 keV (Figure 2 ), 20 keV ( Figure 3 ) and E thr R = 0 keV (Figure 4 ), 50 keV ( Figure 5 ). Choice of energy threshold E thr R is made in order to clearly demonstrate the anisotropy dependence of the histogram. In the case of target nucleon F and E thr. R = 20 keV, the anisotropy dependence of the histogram is obvious compared to the E thr. R = 0 keV case. If the forward/backward direction of nuclear recoil tracks are detected, a survey from cos θ = −1 to 1 can be completed as shown in the relevant figures. Instead, the absolute value | cos θ| is adopted as an indicator of the current angle because only the absolute value | cos θ| 
The energy-angular distribution
If both the energy resolution and spatial resolution are improved, analysis of the signal with using the recoil energy and angle is possible. In Figures 6 and 7 the E R -cos θ distributions are shown. The degree of anisotropy r in Eq.(2.1) is assumed as r = 0-1 in the figures. The signal number in the simulation is 10 8 , which is indicative of the template case. The energy threshold is taken as E thr.
R =0 keV in the figures. The shape of the distribution depends only on the mass of the dark matter and of the target. However, if the target is heavy, the event number in the particular energy region is reduced due to the form factor. The shape of the histogram for the Ag target is, therefore, not similar to that of the F target. 4 Anisotropy estimation from the energy-angular distribution
Chi-squared test
In this section, it is discussed whether it is possible to discriminate or give a constraint to the anisotropy of the velocity distribution even with a small number of events. A threedimensional plot for the case r = 0.3 case (as seen in Figure 6 ) is shown in Figure 8 . The E R − cos θ plane is divided into small bins, and each cuboid and white dot corresponds to the event number for the scaled template and pseudo-experiment, respectively. From the plot, it is possible to calculate the chi-square distribution between the template and pseudoexperiment. The chi-square distributions between the template and the pseudo experiment are shown respectively in Fig.9 (target F) and Fig.11 (target Ag) with E thr. R = 0 keV. Red dashed lines in the figures correspond to a 90% confidence level (CL).
As stated above, the energy threshold is a factor that clearly characterizes the anisotropy as well as the number of signals in the experiment. Most of the events are concentrated in the low energy region E R ∼ 0 keV, and imposing the energy threshold difference between the distributions can be clear. In Figures 10 and 12 , the energy threshold is set at E thr. R = 20 keV for the target F and 50 keV for the target Ag. For these thresholds it is best to exclude r = 0 for r = 0.2-0.3 cases, which is suggested by N-body simulations in previous studies [11] . For target F and Ag, ∼ 6 × 10 3 and 6 × 10 4 events are required to exclude r = 0 for the r = 0.3 case at 90%CL. In particular, for the case of the heavy target (Ag case), the shape of the energy-angular distribution is largely distorted by the effect of the form factor in the region of 40 keV or more (illustrated by a bump), and this may be used to distinguish distributions with different ratios from each other. Therefore for the heavy target, a greater event number is needed to compare the result of the pseudo-experiment result with those of the template case as opposed to the case of the light target.
Conclusion
The directional detection of dark matter is a next-generation experiment. In this study, the potential of the directional detector to discriminate the anisotropic distribution of the dark matter velocity from the isotropic distribution is investigated. The results of a Monte-Carlo simulation of the elastic scattering between a WIMP and a nucleon are statistically analyzed.
Two cases are assumed depending on the energy resolution of the detector. If the energy resolution is mediocre, an angular histogram of nuclear recoils is obtained. If the velocity distribution is fully isotropic, the peak of the histogram is at cos θ ∼ 1, while event number in the cos θ ≪ 1 region increases as the velocity distribution has a more anisotropic component. With good energy resolution, the energy-angular distribution may be analyzed. By means of a complete distribution generated by a Monte-Carlo simulation, anisotropy can be presumed. Particulary, for the case of anisotropy r = 0.3, the completely isotropic case r = 0 can be excluded at the 90 % CL with O(10 4 ) events.
A Angular histogram analysis
In Section 3.1, the cos θ histograms were presented. In the appendix similar histograms for the case | cos θ| are shown, i.e., the results without head-tail analysis. Figure 13 -15 correspond to Fig.2-5 . Compared to Figure 2 -5, the cos θ dependence is relaxed in Figure 13 -15, and therefore, the head-tail analysis may prove useful as a method to quantify anisotropy. 
